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Introduction: what is the CMS Barrel Pixel Detector?

v

Assembling modules: components, main steps and experience

v

Testing modules: test procedures and results

v

Integration barrel pixel detector: mounting modules and integration of
services

Conclusions: what did we learn?
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CMS at LHC

LHC:
- 27 kmring, 1232 superconducting (1.9 K)) dipoles
- p— pcollider, 7 TeV each beam

- nominal luminosity 1034 cm—2s~", rate 40 MHz

TRACKER
CRYSTAL ECAL

CMS: ‘
- Length 22 m, diameter 15 m, weight 12.5kton
- Magnetic field 3.8 Tesla / e A

MUON CHAMBERS

%ﬁo‘“}ﬁ CMS Pixel:

3 - Barrel layers: | =53cm, R=4.2,7.3, 11cm

- Forward disks: z = 34.5,46.5cm, R=6 - 15¢cm
- Area ~ 1.1 m?, 15840 ROCs, 65.9M channels

P Forward disks

Andrey Starodumov Building the CMS Pixel Barrel Detector 3/24



Barrel pixel detector

» Barrel pixel detector is built of 768 modules:

> full modules (16 ROCs): 672=128+224+320
> half modules (8 ROCs): 96=3x32

» Read Out Chip:

» Each ROC is segmented in 4160 pixels

> Pixels in a ROC organized in 26 double columns (z) and 80 rows (r — ¢)
> Pixel size: 100 inr — ¢ and 150 pwin z

» 29 DACs are used to tune a ROC
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Break-up of the module

Cables: Module parameters:

signal&power Size: 66.6 mm x 26 mm

Weight: 3.5¢g

HDI pri
print Segmentation: 66560 pixels
Si sensor thickness: 285
Si sensor
16 ROCs
Base strips:
SigNy
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Chips testing at wafer level

v

Automated Suss Prober (8”):

v

Test procedure

Threshold scan for all pixels
Test all DACs

Check all trim bits & mask
Check all data buffers
Check all time stamp buffers
Check power consumption

400K 12C commands to ROC
Time 70 sec/chip, 1 wafer/day

v
vV VvV VY VY VY

v

B >= 5dcol detect

t I 2. 4 dcol defect
A [ 1 deol detect
9

v

v

Average yield 74%

Andrey Starodumov Building the CMS Pixel Barrel Detector 6/24



BPix sensors

IV curves of all good

A0 modules (on wafer) » 3 full modules / wafer

[N
=]

Z " prior to irradiati e
2 g odanen » Sensor specifications:
o‘s 16 > same ingot
g u (Voeps ~ 55 <+ 65 V)
S s with j " ‘ > 1(150V)< 2pA

105 irradiation “,‘ 7 > 1(150V)/I(100V)<2

J

/]

9

» Sensors lost:

> 10% in bump deposition
and cutting
> 5% in module production

300 400 500 600
bias [V]
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Chip-sensor bump bonding

> Precision: 1 +2 um
» Production rate:

> 6 modules / day + tests
> automated: 1 hr/module

» Bare module test:

> |V-curve

> ROC functionality

> bump yield

> rework: 80% success
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Assembly line

> Production rate:

> 4 full + 2 half modules / day
> or 6 full modules / day

» Three glueing steps:

> glue basestrips to raw module
> underfill sensor with glue
> glue HDI to complete assembly

> Important: custom-made
tools

raw module with baseplate strips

B o
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Module test classifications

» Start-up adjustments
> Analog current setting
> Threshold and delay settings
> Analog levels setting

Leakage current [A]
2
%
T

» Functionality tests
> Verification of pixel readout
» Check bump bonding quality LI v,,,:i'fm
> Functionality of 4 trim bits

» Performance tests

> Pixel noise measurements
» Sisensor IV curves

» Calibrations
> Find separation between address levels
> Calibration of pulse height
> Threshold unification (trimming) ‘ ‘ ‘
» Internal signal calibration (with X-rays) o = ‘A°Ar.a..,°:m:f:m.liﬁn§ ’
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Testing set up and procedure

» Challenges

» Huge number of channels: 5 + 6x107

> Multy-dimensional parameter space: 29
DACs/ROC

> Temperature dependence: tests done at
-10°C and +17°C

> Test setup

> Programmable cooling box
> 4 modules at a time
> Castom built test-boards with FPGA

FullTest -10° C FullTest & FullTe:

» Procedure

Start-up adjustments

Full Test at -10°C

10 thermal cycles

Full Tests and IV at -10°C and +17°C

Temperature / °C

vV vy vYyy
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Example test: Trimming

» The goal of trimming is threshold unification of ALL pixels
» Threshold = VthrComp - Virim x Trimbits

> VithrComp and Vtrim are set per ROC
» Trimbits (range: 0+15) are set per pixel
> Target Threshold is defined in terms of Vcal (‘ionization charge’)

» Trimming in the lab:

x
X
%

For fixed Vcal take VthrComp map f iz, T Ezvfmmeu s o10) 3
> Set highest threshold and take Vcal * 16? l:lu""'""me“m'““)é
map ok E
» Take pixel with highest Vcal and 10F E
find Virim to set it to target z: E
threshold (all Trimbits enabled) 1= E
» Determine Trimbits for other pixels z* Lo e ‘ :
to set them to target threshold 3000 3500 4000 4500 5000 SB0D 600D SN eT”
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Trimming: parametrization

» Trimming is iterative procedure = can'’t be done in situ

» Trim bit values do not depend on target Threshold, T and
irradiation dose

» VthrComp and Vtrim depend on target Threshold and T:

> Vrncomp(Vear) = Vrncomp(60) — 0.65 x (Vg — 60)
> Vrim(Vear) = V7im(60) — 0.45 x (Vigy — 60)

Vtrim Virim
E 77E é 120 ;7
S 76b FRRITI=S
2 ¢ E
5E 100 =~
- sk x
3 s
7f x 7k
e 60—
T0F % E | , , , . . |
T : 5 : X ; S0 0 20 30 20 50 60 7
fo =TT T
Temperature ROC number
VthrComp VthrComp
H * j
G100f 160 —
g E 14
o5F- o 140 \ ‘X
H c |
90f 5 120 { /
* * H x ¥
85F * 100 — X 1 |
a0 * /
sof- =
E *
R R 0 50 0 7
T ROC number
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X-ray test

» Twofold purpose:

> test module response to the injected charge into Si sensor
> calibrate internal signal used for the trimming (setting threshold)

» X-ray source:

> Primary source: Americium-241
> Targets: Mo(4844 e—), Ag(6139—), Ba (8906 e™)
» Random trigger, stretched bunch-crossing

» Test setup:

I Source
»

Zone 0 Zone 2 Zone 0
Module

Zone 1 Zone 1
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Calibration procedure

VthrComp [DAC]

Veal [DAC]

> Trim ROC » Set VthrComp to found » Combine Vcal from
. value different sources
> Measure # of hits vs
threshold » Measure Vcal value for all P Fit with a straight line
- . pixels .
P Fit with error function » Determine slope and
) » Take mean Vcal offset
» Find threshold (50%)
% 60 E f‘é 2 F Enies 4160 g F ]
S 500? iy W*E é zzz: RuS msé §B°°°? 7
oo E w00k 3 eooof B
300? E 300; é B 4000~ B
200; E 200; é 2000 4
ES of E
% 25 40 65 Bb 1‘50 ; 90 95 ugo 165 110 11‘57 jzo 6 25 AB éo a‘o 160 1&0 1)10 1{‘50 .

Veal [DAC]
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Calibration: conclusions

» On average 1 Vcal DAC corresponds to 66 e~
» The mean offset at Vcal=0 is around -420 e~
» Trimming with Vcal=50 corresponds to threshold of 2800 e~

» For calibration use

» if available, results for individual ROC from 3 sources
» otherwise, mean from 2 sources average over module

9 e
g  [Enties 486 g f Entries 9363
g lMean 2807 F1200F Mean 2809
I+ E
RMS 2214 *1000F- RMS 3555
60F £ El
50E- 800 2 E
E 3 sources F sources El
40 6001 =
SOF 400 4
20 £ 1
10F 200 .
E L = 1| L C L - L |
000 1500 2000 2500 8000 8500 4000 100 1500 2000 2500 3000 3500 4000
lon. charge [e] at Vcal = 50 lon. charge [e]
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DAC optimization

PH [ADC units]
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» Several DACs have been optimized to set:

v

Analog and digital currents

» Digital levels of TBM and ROC (Ultra Black)

» Thresholds and delays
Pulse height ADC range and linearity

v

» Example: Pulse height linearity
» Fit function: y = p3 + p2 - tanh(po - X — p1)

250F
200F
150

100F

p,= 2.8
NON-LINEAR pixel 5

PH [ADC units]

250

200F
150
100F

50

p,=10 bl
LINEAR pixel E

LA A Aaas Raas
Entries 53338140 J
Mean 1.28 =
Entries 44528846
Mean 117

, ,
200 400

| | I | -
600 800 1000 1200 1400
Vcal [low range DAC units]

, ,
200 400

| | | | .|
600 800 1000 1200 1400
Vcal [low range DAC units]
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Grading

Pixel Mask Noise Gain Pedestal Thr. IT??SUSOV) /@7100(150V)
A <i1% 0 < 5006~ | < 10% | <2.5ke— | <200e— 2uA <3uA
B | <4% 0 < 10006~ | <20% | <5.0ke~ | <400e~ <10 uA <154A
C | >4% | >1% | >1000e~ | >20% | >5.0ke” | >400e~ >10uA >15uA

» Pixel defects/chip
» Mask: permanent readout

» Noise ine~

» Relative Gain width

» Pedestal spreadin e™

» Vcal Threshold Width in e~

> [TP25(150V): measured
leakage current at +17°

> /% (150V): recalculated
leakage current at —10°

RelativeGainWidth Modules: M0030 ... MI215 Veal The Width Modules: M0030 ... M1215
T= 17°C(ATC) T=-10° C (ATC) T= -10°C (BTC) T= 17°C(ATC) T = -10°C (ATC) T= -10°C (BTC)
10 F F [ I
i Mean0193 P2 Mean:0.03 0 Mein:$4.70 Mean:$1 69 Meun:84.31
oss o v ol s b s 1474 o5 47
Ouind 1 v Overi e Ovrtoh 4 Ot 6
0
T I L ‘ Ll
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Production summary

948 modules tested (827 full/ 121 half)
» 565/161 graded as A/B
» 101 graded as C

Final Grade A
(564 modules)

Final Grade B &

(161 modules)

Final Grade C !

(49 modules)

160
150
120

100
50
0

Oversy of dfecive pixel of MOO30. MI21S T = -10° C (ATC)
Grde 564 modules (59.5%)__ Defers:

X

— 88% | 8723 ~ 91%
- 12% |11 - 9%

Overlay of modules tested at T = —10° C (ATC)

50 10 150 200 250 300 0 400
Grade B 161 modules (170%) D
S0 M0 10 200 250 300 30 400
e C 9 modul Dee
50 100 150 200 250 300 30 400

Dead pixels

Andrey Starodumov

cive bump-bonds of MOOR0 .. MI215 &t T = -1

o S0 M0 150 20 250 300 30 400

ooer } 48.3M pixels

., ?. A
o S0 M0 150200 250 300 30 400

3.3M pixels

150 20 250 30 30 4w

Dead bumps
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Production in time

Full tests

1971

modules
[CRRTIF TN
S & 35 &3

10

0 2 4 6 8§ 10 12 14
t [hours]

[ Tested Modules 2006 - 2008 (incl. halt-modules) |

E

2 i

£ I I

* I i

15 I

10 [

sk

0
§F = 8 & §¥ 2 28 F %
2006 | 2007 I 2008

0 hveee oo

Short tests (w/o x-ray)

4 5
t [hours]

‘ Tested Modules 2006 - 2008 (incl. half-modules) ‘

-

— n/a (188)

300

250

200
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1l
o
»
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Jan

2006 | 2007 | 2008
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Module mounting and survey

» 768 modules to mount » Difficult object to survey
» Mounting tool is crucial » Module position/ladder in 2D
» Up to 60 modules / day > Pictures of 2 facing modules
» Only 3 modules destroyed » Optical pattern recognition SW
» About 10 modules repaired: » Mean errors (z-dependent):

> broken wire bonds > r— ¢$=9.5 um, z=4.5 um

> bad connector > ~=240prad
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Supply tube

Barrel Pixel Supply Tube

Overview 1 _ Readout-DOH's
Readout AOH's [
N \ nner
Outer End AOH \ Flange
(To the Outside) MU-SR 12way  Motherboard \
Optical Adaptor

Cable Interface
Board

Outer

Flange
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» Complex design and production:
radial shell thickness 1-2cm

» Supply tube contains:

» AOHs for 1152 optical r/o fibers
» optical links for FE programming
S Cone » optical links for detector control
> boards for power distribution
Inner End
ceupor's Detecton » temperature and humidity sensors
» Production time about 10 weeks
Outer End
Inner End
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Tests before installation

» Mechanical tests:

> left/right clearance: 1mm
> real detector and mock-up
rail system

» Transport test

» PSI-CERN-PSI
> ’commissioning system’ +
accelerometer

» Insertion test:

‘commissioning system’
true mechanical structure
prototype half supply tube
one sector (1/32) equipped
with modules

v vy VvYy
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What did we learn?

» Team of 10-15 people: sensor, chip, mechanics, cooling,
cabling, production, testing, performance, operation, calibration

» Construction time about 2 years, with many more years (~10) of
preliminary studies, design, tests

» Crucial for the speed of the construction:

> automated procedures: bump-bonding, module tests
> automated qualification after module tests
> special tools for module assembling and mounting

» DB is a must component: no other way to keep track module test
results and logistic
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